Abstract Chronic stress exposure is associated with diverse negative health outcomes. It has been hypothesised that stress may also negatively affect the body's mineral status. This study investigates the association between chronic stress and long-term mineral concentrations of calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), phosphorus (P) and zinc (Zn) in scalp hair among elementary school girls. Complete information on child-reported stress estimates (Coddington Life Events Scale (CLES)), hair cortisone and hair mineral concentrations, and predefined confounders in the stress-mineral relationship (i.e. age, body mass index, physical activity, diet, hair colour and parental education) was provided cross- 5-10 years old) . The relationship between childhood stress measures (predictor) and hair minerals (outcome) was studied using linear regression analysis, adjusted for the abovementioned confounders. Hair cortisone concentrations were inversely associated with hair mineral concentrations of Ca, Mg, Zn and the Ca/P ratio. Children at risk by life events (CLES) presented an elevated Ca/Mg ratio. These findings were persistent after adjustment for confounders. This study demonstrated an independent association between chronic stress measures and hair mineral levels in young girls, indicating the importance of physiological stress-mineral pathways independently from individual or behavioural factors. Findings need to be confirmed in a more heterogeneous population and on longitudinal basis. The precise mechanisms by which stress alters hair mineral levels should be further elucidated.
Introduction
Stress is defined as the process in which environmental demands or events are interpreted and appraised by the individual as taxing or exceeding his/her resources, resulting in psychological and biological changes with risk for disease [1] . Acute, adaptational stress responses exert temporal and beneficial effects to cope with the stressful situation, while chronic activation of the stress system may adversely affect health with depression, cardiovascular and autoimmune diseases, and psychosomatic complaints as potential manifestations [2, 3] . Furthermore, it has been hypothesised that prolonged stress may negatively affect the body's mineral status. Decreased zinc, selenium, iron and magnesium concentrations have been observed in long-term psychological stress, although literature in this regard is scarce [4] [5] [6] [7] [8] [9] [10] .
The relationship between stress and minerals may operate through a behavioural and a physiological pathway. On the behavioural side, stress has been shown to alter an individual's dietary pattern with an increase in the consumption of energydense 'convenience foods' (limiting purchasing/preparing time) or 'comfort foods' (rich in sugar and fats), positively stimulating sensations of reward and pleasure [11] [12] [13] . This unhealthy food consumption is often at the expense of healthy mineral-rich foods and may lead to obesity and an unbalanced, even deficient, dietary mineral intake [14] . The physiological pathway operates through activation of the stress system and the production of stress hormones such as cortisol, shifting the body's metabolism to a catabolic state, thereby increasing oxidative stress and increasing the need for antioxidants (e.g. minerals for enzyme function) [15, 16] . Moreover, stress has been associated with common gastrointestinal disorders and inhibition of nervus vagus activation, perturbing gastric emptying, gastroduodenal/colonic motility and intestinal transit [17] [18] [19] . As a consequence, nutrients may be less efficiently digested, absorbed and metabolised. Stress hormones may also directly affect mineral absorption, distribution or excretion (e.g. cortisol influences the parathyroid hormone and renal calcium handling, together affecting calcium homeostasis) [20] . Summarised, stress may hinder an adequate mineral intake, increase the body's need for minerals through changes in metabolism or redistribute the minerals to tissues with higher requirements, although more detailed mechanisms need to be explored.
The last decade has been characterised by an increased interest in the study of stress and its adverse health effects on young children [21] [22] [23] [24] . In the field of stress and mineral status, however, no studies have been undertaken in children. From a methodological point of view, scalp hair may offer opportunities compared to other biological matrices (such as serum or urine) for the study of the stress-mineral relationship in children. Particularly for 'longer-term' studies, the hair matrix may be recommended as it is non-invasive and it presents a retrospective window of stress hormones and mineral levels in the past [25, 26] . Nevertheless, this stressmineral relationship has not been studied in scalp hair before. This study therefore investigates the association between chronic stress and long-term mineral concentrations of calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), phosphorus (P) and zinc (Zn) and ratios thereof in scalp hair of elementary school girls by using child-reported stress estimates (life events) and stress hormone measurements in scalp hair. We hypothesise that stress as a physiological event may be negatively associated with hair mineral levels in children, independently from individual and behavioural factors such as the child's age, body mass index (BMI), physical activity, dietary habits, socioeconomic status and hair colour [27] [28] [29] [30] [31] [32] [33] .
Methodology

Study Participants
One hundred and forty girls aged 5-10 years old (mean age=8.46 years, SD=1.11 years) participated in this study as part of the baseline survey of the Children's Body composition and Stress (ChiBS) project (February-June 2010, N=523). The ChiBS project, a study embedded within the European Identification and Prevention of Dietary-and Lifestyle-Induced Health Effects in Children and Infants (IDEFICS) study [34] , not only investigates chronic psychosocial stress and changing body composition in children over a 2-year follow-up period (2010-2012) but also examines the utility of hair samples as biomarker or diagnostic tool for stress and mineral status in children [35] . More detailed research goals, methodology and participation characteristics of the ChiBS project are described elsewhere [35] .
In this study, the population was limited to the female participants of the ChiBS project, as one of the survey modules, specifically hair sampling, was only performed in girls in order to obtain the required hair length of 6 cm (N=263/523 or 50.3 %, Fig. 1 ). Parents were asked to sign a consent form in which the option was offered to participate in the full ChiBS programme or in a selected set of measurement modules, resulting in distinct participation numbers for the different measurement modules (Fig. 1) . Hair samples were obtained from the vertex posterior region of the scalp from 218 girls and hair colour noted. Only the most proximal 6 cm of the hair strands was analysed which is, based on an average hair growth rate of 1 cm per month, representative for a period of 6 months in the past [36] . Each hair sample obtained was split into two fractions and sent to expert laboratories for determination of cortisone and mineral levels, respectively (more details below). In addition, children were subjected to routine anthropometric measurements and questionnaire administration (e.g. stressful life events, dietary habits, etc.) at the same time point as hair sampling, at the children's schools. Data for all measurement modules were completed for 140 girls (Fig. 1) .
The ChiBS project was conducted according to the guidelines laid down in the Declaration of Helsinki and was approved by the Ethics Committee of the Ghent University Hospital.
Hair Mineral Analysis
The hair contents of Ca, Cu, Fe, Mg, P and Zn were quantitatively determined via inductively coupled plasmamass spectrometry (ICP-MS), after microwave-assisted acid digestion of the samples in the Department of Analytical Chemistry of Ghent University. Detailed procedures and validation data of the ICP-MS method applied are described elsewhere [27] . The Ca/Mg, Ca/P, Fe/Cu and Zn/Cu ratios were calculated, as they were suggested in literature to be relevant mineral ratios [37] [38] [39] .
Childhood Stress Measures
Coddington Life Events Scale
To investigate the relationship between childhood psychosocial stress and hair mineral concentrations, estimates of child-reported stress were obtained through a questionnaire on stressors or life events. Completion of the questionnaires was assisted by trained interviewers. The Coddington Life Events Scale for children (CLES-C) is a validated and wellestablished 36-item questionnaire, which measures the frequency and timing of both positive and negative life events relevant for this age group during the last year (four trimesters). By measuring significant life events in terms of life change units, the CLES-C can provide insight into recent events that may be affecting the child's health and results in a 'life change units' score [40, 41] . Children with a score above the age-specific cutoff are considered to be at higher risk to suffer from psychological problems. For this study, a 'negative life events score' and the proportion of children at risk were calculated only for the last 6 months to correspond with the 6-cm hair samples.
Hair Cortisone Analysis
Cortisone is a hormone that is only minimally produced by the adrenals but mainly originates from cortisol metabolism, more specifically from the conversion of cortisol into cortisone by 11β-HSD2 (hydroxysteroid dehydrogenase). Cortisone may therefore serve as an additional biomarker for stress research, as exemplified by the involvement of 11β-HSD activity in stress [42] [43] [44] [45] [46] . Our research group has previously correlated elevated hair cortisone concentrations with negative life events in the same study sample of elementary school girls [47] . Therefore, in this study, hair cortisone concentrations were measured as a biological measure of stress. Cortisone was analysed in the most proximal 6 cm of the same hair samples in which minerals were analysed at the Department of Toxicology, Institute of Legal Medicine, Strasbourg University, with ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Detailed procedures and validation data of the applied UPLC-MS/MS method are described elsewhere [48] .
Other Variables
Within the ChiBS and the IDEFICS project, information was collected on parental education (categorised using the International Standard Classification of Education [49] ) and children's physical activity using a self-administered parentally reported questionnaire. Physical activity was studied as the hours of playing outdoors and doing sports in a sports club, which has been shown to correlate to moderate and vigorous physical activity as measured by accelerometers [50] 
) [54] .
Statistical Analysis
Statistical analysis was performed using the statistical programme PASW version 19.0 (SPSS Inc, IBM, IL, USA). The two-sided level of significance was set at p< 0.05. To study the association between childhood stress and hair mineral concentrations, multiple linear regression analysis was performed. The logarithmically transformed hair mineral concentrations and mineral ratios were used as dependent (outcome) variables in two models investigating another childhood stress measure: hair cortisone concentrations and the CLES score were consecutively used as independent variables. After performing these analyses without adjustment for confounder variables, the regression analysis was repeated with adjustment for age, BMI z score, physical activity, YHEI, hair colour and parental education, as these factors have been shown to be associated with hair mineral levels [27] [28] [29] [30] [31] [32] [33] . No multicollinearity between these variables was shown. As the sample size for regression analysis was limited to the children from whom complete information on all variables studied was available (N=140 and N=107, Fig. 1 ), post hoc power analysis was performed according to Faul et al. using G*Power 3 [55, 56] . A sample size of 140 and 107 children in a regression model with seven predictors to detect a medium effect size and with a probability level of 0.05 resulted in a power of 0.92 and 0.80, respectively. Box plots were created to graphically present significant differences in hair mineral concentrations between children at risk and not at risk for psychological problems by stressful life events in the last 6 months (nonparametrical Mann-Whitney U tests with non-transformed data mineral concentrations). Also, this stress variable was used as a dummy variable (at risk versus not at risk) in regression analysis.
Results
Descriptive results of the participants' sociodemographic characteristics, hair mineral concentrations and stress measures are presented in Table 1 . Results of regression analysis are described in Table 2 . Hair cortisone concentrations were inversely associated with hair mineral levels of Ca, Mg, Zn and Ca/P, both with and without adjustment for the confounder variables. These findings indicate reduced levels of certain minerals with increased childhood stress, independently from the child's age, BMI, physical activity, diet, hair colour and parental education. Children at risk for psychological problems by the occurrence of stressful events in the last 6 months demonstrated an elevated Ca/Mg ratio, as presented in Table 2 and illustrated in Fig. 2 . The CLES negative events score (as continuous predictor variable) was only associated with the Ca/Mg ratio without adjustment for the individual and behavioural factors (Table 2) .
Analyses were adjusted for a number of possible confounders (see "Methodology" section). In this study, the following variables were significantly associated with one or more of the dependent variables: (1) age (hair Fe, Fe/Cu and Ca/Mg), (2) BMI z score (hair Ca/Mg), (3) physical activity (hair Zn, Fe/Cu and Zn/Cu), (4) hair colour (hair P, Ca and Mg) and (5) the YHEI (Ca/Mg) ( Table 2) .
Discussion
This paper was the first to investigate the stress-mineral relationship in children over a long term in the past, using scalp hair as biological matrix. We demonstrated an independent association of chronic stress measures (i.e. hair cortisone and CLES) on hair mineral levels of elementary school girls. As stress-mineral research in scalp hair remained unexplored until now, evaluation of our findings is limited to previous observations in other biological matrices such as serum or urine.
Higher levels of hair cortisone were associated with reduced hair levels of Ca, Mg, Zn and Ca/P, which is in agreement with previous findings in serum and urine [4] [5] [6] 9] . Since analyses were adjusted for individual and behavioural factors (age, BMI, diet, physical activity, hair colour and parental education), the changes in mineral levels may be ascribed to the unique physiological contribution of increased stress.
Surprisingly, however, a relationship between hair mineral concentrations and hair cortisone was observed, while no association was found for the hair minerals with the CLES negative event score (except for the unadjusted relationship with the Ca/Mg ratio). This is unexpected as the CLES score and hair cortisone may be assumed to behave similarly in relation to hair mineral levels based on the following information: (1) environmental stressor exposure (i.e. assessed by CLES questionnaire) is generally linked to a physiological stress response (i.e. assessed by hair cortisone measurements) [1, 57] , (2) our research group previously showed a strong correlation between the CLES questionnaire and hair cortisone concentrations [47] and (3) both stress assessment methods represent the same time period in the past (last 6 months). This study may thus indicate that not stressor exposure in general but more specifically the body's physiological stress response is related to hair minerals or mineral metabolism, such as a stressinduced increased excretion of metabolites (such as cortisone and minerals) into hair. Another interpretation could be the more sensitive representation of stress by hair cortisone measurements compared to the child-reported CLES questionnaire, as a result of which the regression analysis with the CLES score may be attenuated compared to the cortisone results. Nevertheless, if CLES life events were studied categorically ('at risk' versus 'not at risk'), a robust relationship was observed with the Ca/Mg ratio, indicating that life events may be associated with minerals only in more extreme cases of repeated stressor exposure, i.e. if the cutoff score for becoming at risk for psychological problems is reached.
Despite the association between stress (particularly cortisone and CLES at risk) and hair mineral levels observed in this study, levels of Cu, Fe and P in hair were not associated with any of the studied stress estimates, nor with the 'at risk' status for psychological problems by stressful events (Table 2, Fig. 2 ). For Cu, this is in line with previous findings [4, 5] , while for Fe, our results are in disagreement with findings from Singh et al., Moore et al. and Chen et al. (although the latter refers to animal research) [5, 10, 58] . We may hypothesise that the metabolism or homeostasis of Cu, Fe and P is not, or only to a lesser extent, influenced by stress compared to the other studied minerals.
Although it has been hypothesised that stress may affect the body's mineral intake or mineral requirements, specific metabolic pathways have largely remained undefined. Nonetheless, some explanations were provided in literature.
Singh et al. partly contributed a decrease in plasma Zn concentrations (in response to stress) to a decrease in Zn- Values were rounded off to the measurement unit except for BMI z scores ISCED International Standard Classification of Education, 2 'lower secondary education', 3 'upper secondary education', 4 'post-secondary non-tertiary education', 5 'first stage of tertiary education' Table 2 Linear regression models investigating the relationship between stress and hair mineral levels in elementary school girls No influence of altered urinary Zn excretion was shown by these authors [5] . However, as indicated by Roy et al. [59] , Zn deficiency may activate the hypothalamus-pituitary-adrenal axis, causing glucocorticoid production, suggesting that our observed cortisone-Zn relationship may also operate in the reverse direction. Reduced Fe levels after stress have been explained by an increase in ferritin concentrations (an intracellular Fe storage protein), indicating a shift from circulating to storage iron [5] . In this context, hair Fe could be considered an excretion or storage pathway. On the other hand, animal studies indicated decreased iron absorption in relation to psychological stress, possibly through changed expression of iron transporters [58] .
Grases et al. mainly attributed decreases in Ca and Mg status in response to stress to changes in renal excretion [9] : stress-related cortisol prevents tubular Ca reabsorption mediated by aldosterone, thereby inducing increased urinary Ca. As cortisol inhibits aldosterone activity in renal cells, increases in Mg excretion are also observed. Grases and colleagues associated anxiety to catecholamine production which may also increase urinary Mg excretion and thus lower Mg status in serum and maybe in hair.
Despite the explanations mentioned above, it is clear that further investigations into the effects of psychosocial stress on mineral metabolism are needed. Irrespective of the precise mechanism by which stress is associated with hair minerals (e.g. changes in metabolism, changes in diet), this study has pointed to another health impact of stress exposure, even in young children.
Strengths, Limitations and Future Research
This study investigated the association between childhood stress and hair minerals, as this association remained uninvestigated. Next to the novelty of the study, other strong methodological features are the use of the validated and state-of-the-art ICP-MS and UPLC-MS/MS technique to measure hair mineral concentrations and hair cortisone levels, respectively, and the adjustment of all analyses for child's age, BMI, physical activity, dietary habits, socioeconomic status and hair colour, whereby the unique physiological contribution of stress on hair mineral levels could be studied. A next asset of this study is the assessment of the environmental (i.e. CLES questionnaires) and biological (i.e. hair hormone measurements) stress dimension, which permitted studying the individual associations of these stress estimates with hair minerals. However, the use of childreported stress questionnaires may be subject to recall or reporting bias. In addition, no corrections for multiple testing were performed (e.g. Bonferroni) as we considered this too stringent for our analysis, although this may have led to an increased likelihood of significant findings because of the high number of regressions analysed. Post hoc power analysis indicated that our sample size to detect a medium effect size in our regression analysis was sufficient to reach a power of 0.80, although a larger sample size would have allowed studying smaller effect sizes. Another limitation that should be considered is the exclusively female population under study within a small age range, limiting the generalisability of our results. Findings need thus to be confirmed in a more heterogeneous population sample (i.e. boys and girls, childhood to adolescence) and in a longitudinal study design, since the cross-sectional design of this study cannot determine causality. As not much is known in the field of stress and minerals, more specifically hair minerals, evaluation and discussion of our observations to previously reported findings remain limited. Therefore, we again point to the importance of further research. Nevertheless, this study may initiate further hair mineral research in relation to stress and stress-related health effects or behaviour in children. Particularly for large-scale epidemiological research in children, hair mineral analysis may offer considerable advantages as hair sampling is easy, noninvasive and inexpensive, and the samples are easily stored. For boys on the other hand, a sufficient length of hair should be available to obtain retrospective measures of several months in the past. Last, we recommend further investigation into the detailed mechanisms and processes by which Fig. 2 Hair Ca/Mg concentrations in children at risk (N=24) and not at risk (N = 116) for psychological problems by events of the last 6 months. The hair Ca/Mg ratio is higher in children at risk by events of the last 6 months (Mann-Whitney U test (non-logarithmically transformed data), p=0.016). The higher and lower ends of the boxes represent the Q3 and Q1 of the hair mineral concentrations. Q2 is indicated within the boxes. The whiskers represent the concentration range, excluding outliers and extremes. (Q = quartile) stress influences hair mineral levels/accumulation (e.g. are some minerals more susceptible to stress than others?, is the stress-mineral relationship stressor dependent?, etc.) in order to further endorse our findings.
Conclusions
This study strengthened previous indications of a relationship between stress and mineral levels. More specifically, we demonstrated an independent association between chronic stress measures (i.e. hair cortisone and life events) and hair mineral levels in young girls, a previously unexplored research area. However, findings need to be confirmed in a more heterogeneous population and on a longitudinal basis. Furthermore, the precise mechanisms by which stress alters hair mineral levels should be further elucidated in order to fully understand the importance of stress on this aspect of health.
